Azospirillum brasiliense possesses an alternative pathway of L-arabinose metabolism, different from the known bacterial and fungal pathways. In the preceding articles, we identified and characterized L-arabinose-1-dehydrogenase and ␣-ketoglutaric semialdehyde dehydrogenase, which catalyzes the first and final reaction steps in this pathwayA. brasiliense cells corresponded to those of AraC and AraD genes, which form a single transcriptional unit together with the L-arabinose-1-dehydrogenase gene. Furthermore, the L-arabinolactonase gene (AraB) was also identified as a component of the gene cluster. Genetic characterization of the alternative L-arabinose pathway suggested a significant evolutional relationship with the known sugar metabolic pathways, including the Entner-Doudoroff (ED) pathway and the several modified versions. L-Arabonate dehydratase belongs to the ILVD/EDD family and spectrophotometric and electron paramagnetic resonance analysis revealed it to contain a [4Fe-4S] 2؉ cluster. Site-directed mutagenesis identified three cysteine ligands essential for cluster coordination. L-KDA dehydratase was sequentially similar to DHDPS/NAL family proteins. D-2-Keto-3-deoxygluconate aldolase, a member of the DHDPS/NAL family, catalyzes the equivalent reaction to L-KDA aldolase involved in another alternative L-arabinose pathway, probably associating a unique evolutional event between the two alternative L-arabinose pathways by mutation(s) of a common ancestral enzyme. Site-directed mutagenesis revealed a unique catalytic amino acid residue in L-KDA dehydratase, which may be a candidate for such a natural mutation.
Many bacteria are able to grow with L-arabinose as the sole carbon and energy source, and the bacterial pathway of L-arabinose metabolism has been extensively investigated. Many bacteria including Escherichia coli depend on protein products of the araBAD operon, which contains araB (ribulokinase, EC 2.7.1.16), araA (L-arabinose isomerase, EC 5.3.1.4) and araD (L-ribulose-phosphate 4-epimerase, EC 5.1.3.4) to convert L-arabinose to D-xylulose 5-phosphate through L-ribulose and L-ribulose 5-phosphate (1) . In a recently characterized fungal pathway (2) (3) (4) , L-arabinose is also converted to D-xylulose 5-phosphate but through different intermediates by two reductases, two dehydrogenases, and a kinase. On the other hand, it is believed that a hypothetical pathway of L-arabinose metabolism is operative in some bacteria (5) (6) (7) (8) (9) (10) (11) (12) (13) (Fig. 1A) . In this pathway, L-arabinose is oxidized to L-arabino-␥-lactone by NAD(P) ϩ -dependent dehydrogenase. The lactone is cleaved by a lactonase to L-arabonate, followed by two successive dehydration reactions forming L-2-keto-3-deoxyarabonate (L-KDA) 2 and ␣-ketoglutaricsemialdehyde(␣KGSA).ThelaststepistheNAD(P) ϩdependent dehydrogenation of ␣KGSA to ␣-ketoglutaric acid (referred to as the first pathway). Alternatively, L-KDA is cleaved through an aldolase reaction to glycolaldehyde and pyruvate (referred to as the second pathway). It is note-FIGURE 1. A, alternative pathway proposed by Novick and Tyler (12) for A. brasiliense (first pathway). L-KDA is also converted to pyruvate and glycolaldehyde in several bacteria (second pathway). Bold enzymes are the focus of this study. B, comparison between the alternative L-arabinose pathway (red), non-and semi-phosphorylative ED pathways (orange), D-gluconate pathway (blue), ED pathway (light-green), DD pathway (violet), D-galactarate/D-glucarate pathway (gray). In these pathways, sugar is metabolized through the participation of dehydrogenase, lactonase, dehydratase, and/or aldolase. In this study, we show that enzymes indicated with a bold EC number are related evolutionally.
worthy that the alternative pathway of bacterial L-arabinose metabolism (red-colored route in Fig. 1B) , in particular the second pathway, seems equivalent to the Entner-Doudoroff (ED) pathway (14) .
Concerning the metabolism of sugars related to L-arabinose, the ED pathway is a general route for D-glucose catabolism in bacteria together with glycolysis (green-colored route in Fig. 1B ). This pathway involves: (i) the initial phosphorylation of glucose to glucose 6-phosphate either by a glucokinase or by the action of a phosphoenolpyruvate-dependent phosphotransferase system, (ii) the oxidation to 6-phosphogluconate by glucose-6-phosphate dehydrogenase (EC 1.1.1.49) and 6-phosphogluconolactonase (EC 3.1.1.31), (iii) dehydration to D-2-keto-3-deoxyphosphogluconate (KDPG) by 6-phosphogluconate dehydratase (EDD, EC 4.2.1.12), and (iv) cleavage of the characteristic KDPG intermediate by KDPG aldolase (EC 4.1.2.14), yielding glyceraldehyde 3-phosphate and pyruvate. Glyceraldehyde 3-phosphate is further metabolized via the glycolytic pathway, yielding a second molecule of pyruvate. Although the ED pathway seems to be restricted to bacteria, modifications have been identified in all three kingdoms of life: Eukaryota, Eubacteria, and Archaea (15) . The "non-phosphorylative ED pathway" (orange-colored route in Fig. 1B) is a modified version of the ED pathway and consists of (i) the oxidation of glucose to gluconate via glucose dehydrogenase (GDH), (ii) the conversion of gluconate by D-gluconate dehydratase (EC 4.2.1.39) into D-2-keto-3-deoxygluconate (KDG), (iii) the aldol cleavage of KDG by KDG aldolase (EC 4.1.2.20), forming glyceraldehyde and pyruvate. This pathway is operative in (hyper)thermophilic archaea (16) and a fungi of Aspergillus niger (17) . Recently, a set of metabolic genes was identified in archaeal Sulfolobus solfataricus (18 -20) , revealing no evolutional relationship between the ED pathway and nonphosphorylative ED pathway despite similar schematic sugar conversions (16) . Another ED modification is the so-called "semi-phosphorylative ED pathway" (21) , in which KDG is subsequently phosphorylated by KDG kinase to form KDPG. Oxidization of D-glucose to D-gluconate is also the initial step in the "D-gluconate pathway" of bacteria (22) , yeast (23) and A. niger (24) (blue-colored route in Fig. 1B) . In contrast with the semi-phosphorylative ED modification, D-gluconate is phosphorylated by gluconokinase, and the produced 6-phosphogluconate enters the ED pathway and/or pentosephosphate pathway. Similarly, an alternative pathway different from the well-known "Leloir pathway" for D-galactose metabolism (25) is known in some bacteria. In the so-called "De Ley-Doudoroff (DD) pathway" (26) , D-galactose is metabolized through analogous conversion to the semiphosphorylative ED pathway, to produce the same end products as the ED pathway (violet-colored route in Fig. 1B ). Analogous to the non-phosphorylative ED pathway, the DD pathway involves no phosphorylation in Aspergillus fungi (27) . Few metabolic genes involved in the DD pathway have been identified.
Because no gene encoding the enzyme involved in the alternative pathways of L-arabinose metabolism has been identified, we are in the process of enzymatically and genetically charac-terizing the alternative L-arabinose pathway of Azospirillum brasiliense, in which the first pathway is operative (12) , and recently identified L-arabinose 1-dehydrogenase (EC 1.1.1.46) and ␣KGSA dehydrogenase (EC 1.2.1.26) catalyzing the firstand final-step reactions, respectively (28, 29) . In this study, we focused on the remaining enzymes, L-arabinolactonase (EC 3.1.1.15), L-arabonate dehydratase (EC 4.2.1.25) and L-KDA dehydratase (EC 4.2.1.43). Interestingly, these metabolic enzymes involved in the alternative L-arabinose pathway are evolutionally related to equivalent enzymes involved in the ED pathway, non-phosphorylative ED pathway, D-gluconate pathway, or DD pathway. Furthermore, unique catalytic insights into L-arabonate dehydratase and L-KDA dehydratase are discussed.
EXPERIMENTAL PROCEDURES
General Procedures-Basic recombinant DNA techniques were performed as described by Sambrook et al. (30) . PCR was carried out using a PCR Thermal Cycler PERSONAL (TaKaRa) for 30 cycles in a 50-l reaction mixture containing 1.25 units of Ex Taq DNA polymerase (TaKaRa), appropriate primers (10 pmol) and template DNA under the following conditions: denaturation at 98°C for 10 s, annealing at 50°C for 30 s and extension at 72°C for time periods calculated as an extension rate of 1 kbp/min. DNA sequencing was carried out using the Dual CyDye TM Terminator Sequencing Kit (Veritas) and appropriate primers with Long-Read Tower, UBC DNA sequencer (Amersham Biosciences). Protein concentrations were determined by the method of Lowry et al. (31) with bovine serum albumin as the standard. SDS-PAGE was performed as described by Laemmli (32) . Non-denaturing PAGE was performed by omitting SDS and 2-mercaptoethanol from the solution used in SDS-PAGE. High performance liquid chromatography (HPLC) was performed using a Multi-Station LC-8020 model II system (TOSOH). Samples were applied at 35°C to an Aminex HPX-87H Organic Analysis column (300 ϫ 7.8 mm, Bio-Rad) linked to an RID-8020 refractive index detector (TOSOH) and eluted with 5 mM H 2 SO 4 at a flow rate of 0.6 ml/min. If necessary, 12% (w/v) trichloroacetic acid was added to samples (0.1 volume) to remove proteins. After filtration, 100 l of this solution was then analyzed.
Assay of L-Arabonate Dehydratase-L-Arabonate (K ϩ salt) was prepared by the hypoiodite-in-methanol oxidization of L-arabinose (33) . L-Arabonate dehydratase activity was determined chemically using the semicarbazide method (34) . Briefly, the total reaction mixture of 400 l was incubated at 30°C in 50 mM HEPES, pH 7.2, containing 10 mM MgCl 2 and 10 mM L-arabonate and a small volume of L-arabonate dehydratase. After 10 min, the enzyme reaction was stopped by adding 100 l of 2 M HCl. To this solution, 300 l of semicarbazide solution consisting of 1.0% (w/v) semicarbazide hydrochloride and 1.5% (w/v) sodium acetate was then added, and the mixture was incubated at 30°C for 10 min. Finally, the reaction mixture was diluted with 500 l of distilled water and its absorbance was measured at 250 nm (molar absorption coefficient ⑀ ϭ 571 Assay of L-KDA Dehydratase-L-KDA dehydratase was assayed spectrophotometrically in the coupling system with L-arabonate dehydratase and ␣KGSA dehydrogenase. The recombinant ␣KGSA dehydrogenase of A. brasiliense was prepared by the method described previously (29) (see lane 5 in Fig.  2C ). The assay was performed in 50 mM HEPES (pH 7.2) buffer containing 10 mM L-arabonate, 1.5 mM NAD ϩ . After the addition of each 1 unit of purified L-arabonate dehydratase and ␣KGSA dehydrogenase, the mixture was incubated for 10 min at 25°C. No change in absorbance at 340 nm was found in this stage. The reaction was started by the addition of a small amount of L-KDA dehydratase, and the increasing absorption caused by NADH produced in the reaction was measured at 340 nm.
Assay of L-Arabinolactone-Conversion of L-arabinolactone to L-arabonate by L-arabinolactonase was identified as a continuous reaction with L-arabinose 1-dehydrogenase. Recombinant L-arabinose 1-dehydrogenase was prepared by the method described previously (see lane 1 in Fig. 2C ) (28) . The reaction mixture contained 10 mM L-arabinose, 1 mM MgCl 2 , 1 unit of purified L-arabinose 1-dehydrogenase, an appropriate amount of L-arabinolactonase, and 1 mM NADP ϩ in 20 mM potassium phosphate (pH 7.2). The reaction was performed at 30°C for the appropriate time and stopped by adding 12% (v/v) trichloroacetic acid. After filtration, the amount of L-arabonate formed in the reaction mixture was determined by HPLC. Pure L-arabinolactone was chemically synthesized by boiling Larabonate (K ϩ salt) in 0.2 M HCl for 5 min (34) .
Purification of L-Arabonate Dehydratase from A. brasiliense-A. brasiliense ATCC 29145 was cultivated aerobically for 48 h at 30°C in a synthetic medium containing 37 mM L-arabinose as described previously (28) . The grown cells were harvested by centrifugation at 30,000 ϫ g for 20 min, washed with 50 mM Bicine buffer, pH 7.4, containing 10 mM MgCl 2 (referred to as Buffer A) and stored at Ϫ35°C until use. The washed cells were suspended in Buffer A, disrupted by sonication for 20 min with appropriate intervals on ice using ASTRASON Ultrasonic Liquid Processor XL2020 (Misonix Inc.) and then centrifuged at 108,000 ϫ g for 20 min at 4°C to obtain cell-free extracts.
All purification steps were performed below 4°C. The cell-free extracts were fractionated between 50 -60% saturation of (NH 4 ) 2 SO 4 . The precipitate was dissolved in a small volume of Buffer A, and the solution was then dialyzed overnight against a large volume of Buffer A containing 1.3 M (NH 4 ) 2 SO 4 . All chromatography was carried out using an Á KTA purifier system (Amersham Biosciences). After insoluble materials were removed by centrifugation, the supernatant was applied to a HiPrep 16/10 Butyl FF column (1.6 ϫ 10 cm, Amersham Biosciences) equilibrated with buffer A containing 1.3 M (NH 4 ) 2 SO 4 and washed with the same buffer. Proteins were eluted using a reversed linear gradient of 1.3-0 M (NH 4 ) 2 SO 4 in Buffer A (300 ml). Fractions with high enzymatic activity were pooled and dialyzed overnight against a large volume of Buffer A. The enzyme solution was loaded onto a column of HiPrep 16/10 DEAE FF (1.6 ϫ 10 cm, Amersham Biosciences) equilibrated with Buffer A, and washed thoroughly with the same buffer. The column was developed with 200 ml of a linear gradient of 0 -1 M NaCl in Buffer A. Fractions containing L-arabonate dehydratase activity were combined and dialyzed overnight against a large volume of 10 mM potassium phosphate, pH 7.4, containing 10 mM MgCl 2 (referred to as Buffer B). The enzyme solution was applied to a column of CHT Ceramic Hydroxyapatite Type I (1.6 ϫ 5 cm, Bio-Rad) equilibrated with 10 mM potassium phosphate, pH 7.4, containing 2 mM MgCl 2 (referred to as Buffer C). The column was washed thoroughly with the same buffer and developed with 200 ml of a linear gradient of 0.01-0.3 M potassium phosphate in Buffer C. Fractions with high enzymatic activity were combined and concentrated by ultrafiltration with Centriplus YM-30 (Millipore) at 18,000 ϫ g for ϳ2 h. The enzyme solution was loaded onto a HiLoad 16/60 Superdex 200 pg (1.6 ϫ 60 cm, Amersham Biosciences) column equilibrated with Buffer A. Highly active fractions were pooled, concentrated and dialyzed against Buffer A containing 50% (v/v) glycerol, and stored at Ϫ35°C until use (referred to as Sample I).
Purification of L-KDA Dehydratase from A. brasiliense-Procedures for the preparation of cell-free extracts and (NH 4 ) 2 SO 4 fractionation were similar to those described in the purification of L-arabonate dehydratase except that 20 mM potassium phosphate buffer, pH 7.2, (referred to as Buffer D) was used instead of Buffer A. Subsequently, Butyl FF chromatography was performed using a reversed linear gradient of 1. Determination of N-terminal Sequence of Native Enzymes-As there was a little contamination in Sample I of the preparation of L-arabonate dehydratase, in-gel staining assay (35) was carried out to identify a polypeptide corresponding to this enzyme. Sample I was run on native-PAGE with 6% (w/v) gel that was then soaked in 50 mM HEPES, pH 7.2, containing 10 mM MgCl 2 and 10 mM L-arabonate. After incubation for 1 h at 30°C, the gel was further soaked in the dark in 1 M NaOH containing 2,3,5-triphenyltetrazolium chloride. Dehydratase activity appeared as a pink band. The active band that appeared in staining was cut out and broken in 50 mM Tris-HCl (pH 8.0) containing 1% (w/v) SDS. The protein was extracted from the gel by vigorous mixing overnight. A 4-fold volume of acetone chilled at Ϫ35°C was then added to the extracts. After cooling for 1 h at Ϫ35°C, the mixture was centrifuged at 39,120 ϫ g for 15 min at 4°C. The sample was dissolved in a small volume of SDS-PAGE sample buffer (500 mM Tris-HCl, pH 6.8, containing 5% (w/v) SDS, 10% (v/v) glycerol, 0.25% (w/v) bromphenol blue and 5% (v/v) 2-mercaptoethanol) and separated by SDS-PAGE with 10% (w/v) gel. This procedure revealed that a polypeptide with a molecular weight (M r ) of ϳ62 kDa in Sample I corresponded to L-arabonate dehydratase. Therefore, Sample II was used to determine the N-terminal sequence of L-arabonate dehydratase. With L-KDA dehydratase, the purified enzyme was directly used to determine the N-terminal sequence.
After SDS-PAGE, protein on the gel was transferred to Hybond TM -P (Amersham Biosciences) at 3 mA/cm 2 for 0.5 h in transfer buffer (10 mM cyclohexylaminopropane sulfonic acid, pH 11, containing 10% (v/v) methanol) with a horizontal electrophoretical blotting system (model AE-7500, Atto). After staining and destaining the protein, the area of the membrane corresponding to the L-arabonate dehydratase or L-KDA dehydratase band was excised and analyzed with a Procise TM 492 HT protein sequencer (Applied Biosystems).
Cloning of L-Arabinose Operon from A. brasiliense-A. brasiliense genomic DNA was isolated as described previously (28) . To clone the L-arabinose operon of A. brasiliense, four synthetic oligonucleotide primers (UP-S, UP-AS, DOWN-S, and DOWN-AS) were designed (Table 1) ; UP-S and DOWN-AS were derived from the genome sequence of Burkholderia cepacia strain R18149, and UP-AS and DOWN-S were derived from that of A. brasiliense. Genomic PCR was carried out separately using a pair of UP-S/UP-AS and DOWN-S/DOWN-AS as primers and 300 ng of A. brasiliense genomic DNA as a template. Single PCR products of ϳ2.7-kbp and ϳ4.3-kbp were purified, cloned into a pGEM-T vector (Promega) (referred to as pGEM1 and pGEM2, respectively) and sequenced. We designated the deduced open-reading frame (ORF) in the L-arabinose operon, as described in Fig. 3 , in which a functional L-arabinose 1-dehydrogenase gene (AraA) is contained (28) .
Functional Expression and Purification of Recombinant His 6tagged Proteins-AraB, AraC, and AraD were amplified by PCR using primers containing appropriate restriction enzyme sites at the 5Ј-and 3Ј-ends and A. brasiliense genome DNA as a template (Table 1) . Each amplified DNA fragment was introduced into BamHI-PstI sites (for AraB and AraD) or BamHI-KpnI (for the AraC gene) in pQE-80L (Qiagen), a plasmid vector for conferring N-terminal His 6 tag on expressed proteins, to obtain pHIS AraB , pHIS AraC and pHIS AraD , respectively. E. coli DH5␣ harboring the expression plasmid for His 6 -tagged enzymes was grown at 37°C to a turbidity of 0.6 at 600 nm in Super broth medium (pH 7.0, 12 g of tryptone, 24 g of yeast extract, 5 ml of glycerol, 3.81 g of KH 2 PO 4 , and 12.5 g of K 2 HPO 4 per liter) containing 50 mg/liter ampicillin. After the addition of 1 mM of isopropyl-␤-D-thiogalactopyranoside, the culture was further grown for 6 h to induce the expression of His 6 -tagged protein. Cells were harvested and resuspended in Buffer X (pH 7.0, 50 mM sodium phosphate containing 300 mM NaCl and 10 mM imidazole). The cells were then disrupted by sonication, and the solution was centrifuged. The supernatant was loaded onto a Ni-NTA Superflow column (Qiagen) equilibrated with Buffer X, which is linked to an Á KTA purifier system. The column was washed with Buffer Y (pH 7.0, Buffer X containing 10% (v/v) glycerol and 50 mM imidazole instead of 10 mM imidazole). The enzymes were then eluted with Buffer Z (pH 7.0, Buffer Y containing 250 mM imidazole instead of 50 mM imidazole). For the purification of AraB and AraC proteins, 10 mM MgCl 2 was added to the buffer system. The elutant was concentrated and dialyzed against Buffer A containing 50%
(v/v) glycerol (for AraB and AraC proteins) or Buffer D containing 50% (v/v) glycerol (for AraD protein), and stored at Ϫ35°C until use.
For Western blot analysis, purified His 6 -tagged proteins were separated by SDS-PAGE, and the proteins on the gels were transferred onto a nitrocellulose membrane (Hybond TM -ECL; Amersham Biosciences). Western blot analysis was carried out using the ECL TM Western blotting Analysis System (Amersham Biosciences) and RGS⅐His horseradish peroxidase antibody, a horseradish peroxidase-fused mouse monoclonal antibody against Arg-Gly-Ser-(His) 6 in the N-terminal additional peptide of the expressed recombinant proteins (Qiagen).
Reaction Product Analysis-Four different combinations of reaction mixture were prepared in 50 mM HEPES, pH 7.2, containing 10 mM MgCl 2 and 10 mM L-arabonate: (i) without enzyme; (ii) with AraC protein; (iii) with AraC and AraD proteins; (iv) with AraC, AraD, and AraE proteins in the presence of 10 mM NAD ϩ . Each enzyme concentration was 0.2 M. After incubating overnight at 30°C, 12% (w/v) trichloroacetic acid was added to samples (0.1 volume) to remove proteins. After filtration, 100 l of this solution was analyzed by HPLC.
Site-directed Mutagenesis-The sense and antisense primers shown in Table 1 were designed to introduce mutations into the L-arabonate dehydratase (AraC) or L-KDA dehydratase (AraD) gene. Mutations were introduced by single-round PCR for 20 cycles in 50-l reaction mixture containing 2.5 units of Pfu Turbo DNA polymerase (Stratagene), appropriate primers (30 pmol) and template DNA (pHis AraC or pHis AraD ) under the following conditions: denaturation at 94°C for 30 s, annealing at 55°C for 1 min and extension at 68°C for 12 min. After treating the restriction enzyme with DpnI, the remaining nicked circular mutagenic strands were transformed into E. coli DH5␣. The coding region of the mutated genes was confirmed by subsequent sequencing in both directions. Mutant proteins of L-arabonate dehydratase or L-KDA dehydratase were expressed and purified by the same procedures as each wildtype (WT) enzyme.
Iron-Sulfur Cluster Analysis of L-Arabonate Dehydratase-To estimate the nature of the iron-sulfur cluster in L-arabonate dehydratase, electron paramagnetic resonance (EPR) analysis was carried out. The His 6 -tagged recombinant protein sample (40 mg/ml) was prepared in 50 mM HEPES, pH 7.2, containing 10 mM MgCl 2 and 50% (v/v) glycerol. EPR measurements were performed for L-arabonate dehydratase reduced anaerobically with 10-fold excess sodium dithionite (Na 2 S 2 O 4 ). EPR spectra were recorded using a JEOL TE-300 X-band spectrometer operating with 100 kHz field modulation. Temperaturedependent EPR measurements were performed in the range of 4.2-30 K, using an LTR-3 liquid helium cryostat (Air Products). The g-values were evaluated based on the g-value of Li-salt of tetracyanoquinodimethane (2.0025) as an external standard. The magnetic field strength of EPR spectra were calibrated using a NMR field meter (Echo Electronics) for each measurement.
Amino Acid Sequence Alignment and Phylogenetic Analysis-Protein sequences were analyzed using the Protein-BLAST and ClustalW program distributed by DDBJ (DNA Data Bank of Japan). The phylogenetic tree was produced using the Tree-View 1.6.1. program.
RESULTS

L-Arabonate Dehydratase from A. brasiliense-Although
there has been no enzymological report of L-arabonate dehydratase, information about other dehydratases may be helpful to characterize this enzyme. In particular, D-gluconate dehydratase and D-galactonate dehydratase (EC 4.2.1.6) utilize nonphosphorylated sugar acid as a substrate similar to L-arabonate dehydratase and belong to an enolase superfamily (20, 36, 37) . Because the activity of L-arabonate dehydratase in the cell-free extract was dependent on several metal ions such as Mg 2ϩ sim- 
Cloning of L-arabinose operon
UP-S 5Ј-TTCGACGCGGCCGGCTGCGTCATGTTCAGCGCGGCCGCCGCGCG-3Ј UP-AS 5Ј-CGCGCGTGTCCGGATGCAGTTCCGGCATCGGATGCCGCGGCCGC-3Ј DOWN-S 5Ј-CGGATCACGAACTACGAGCTGCCGACCGCG-3Ј DOWN-AS 5Ј-TCAGCCGCGCGGCGTCCCCGCAAACCGCGCCGTCGCCATCCCCGC-3Ј Cloning of AraB, AraC, and AraC genes a AraB-UP (BamHI) 5Ј-caccatggatccCAACAGATTCATCCGGCCGGGCAGGCG-3Ј AraB-DOWN (PstI) 5Ј-gcttggctgcagTCAGCCGCGCGGCGTCCCCGCAAACCG-3Ј AraC-UP (BamHI) 5Ј-caccatggatccTCGGCAACGAAACCCAGGCTGCGCTC-3Ј AraC-DOWN (KpnI) 5Ј-acccggggtaccTCAATGCGAATGGCTCGGCACTTCAG-3Ј AraD-UP (BglII) 5Ј-caccatagatctACATCGAGCAGCACGCCGCGCCATCGC-3Ј AraD-DOWN (PstI) 5Ј-gcttggctgcagTCAGTGCGCCCAGCGCAGCACGAGCGG-3Ј
Site-directed mutagenesis of AraC and AraD proteins b
AraC Fig. 3A) . Sample I was eluted as an almost single symmetric peak of protein of M r 128 Ϯ 10 kDa from the column of gel filtration, suggesting that L-arabonate dehydratase forms a homotypic dimer. The N-terminal amino acid sequence up to 15 amino acid residues of L-arabonate dehydratase was determined with Sample II to be ATKPRLRSTQXFGXN (X was not determined). L-KDA Dehydratase from A. brasiliense-As described above, we were successful in preparing native L-arabonate dehydratase from A. brasiliense. Furthermore, we recently isolated ␣KGSA dehydrogenase from A. brasiliense, which catalyzes the conversion of ␣KGSA to ␣-ketoglutarate in the presence of NAD(P) ϩ (29) . When cell-free extracts (containing a low concentration of L-KDA dehydratase) were incubated with L-arabonate and NAD ϩ in the presence of L-arabonate dehydratase and ␣KGSA dehydrogenase, a significant increase in absorbance at 340 nm because of the appearance of NADH was found, suggesting that L-arabonate was sequentially converted to ␣-ketoglutarate via L-KDA and ␣KGSA. This assay allowed us to probe many protein fractions during the purification of L-KDA dehydratase, which occurred homogeneously by SDS-PAGE through (NH 4 ) 2 SO 4 fractionation and four chromatographic steps. The purified enzyme showed specific activity of 19.8 units/mg protein. A typical result of purification is summarized in Table 3 . SDS-PAGE revealed only one subunit with an apparent M r value of 36 kDa. Native M r was estimated to be ϳ84.8 Ϯ 3.0 kDa by gel filtration, suggesting that L-KDA dehydratase is dimeric. The N-terminal amino acid sequence up to 20 amino acid residues was as follows TSSSTPRHRGIFPVVPTTFA.
Candidate of L-Arabonate Dehydratase and L-KDA Dehydratase Genes-Surprisingly, the N-terminal amino acid sequence of L-arabonate dehydratase was similar to ILVD/EDD family proteins but not enolase family proteins including D-gluconate dehydratase and D-galactonate dehydratase. In particular, it had high homology with a putative ILVD/EDD protein from B. cepacia strain R18194 (NCBI accession number ZP_00218289): MSATKPRLRSTQWFGTN (underlined letters Previously, Regions 1 and 2 on the genome of A. brasiliense were isolated, and AraA and AraE genes were assigned to L-arabinose 1-dehydrogenase and ␣KGSA dehydrogenase, respectively (28, 29) . In this study, Regions 3 and 4 on the genome of A. brasiliense were amplified by genomic PCR, and AraB, AraC, and AraD genes were assigned to L-arabinolactonase, L-arabonate dehydratase, and L-KDA dehydratase, respectively. (Fig. 3 ). Previously, we showed that A. brasiliense may also possess the equivalent gene cluster (28) . Therefore, we isolated the upstream region of the AraA gene by genomic PCR using synthetic DNA primers designed from nucleotide sequences of B. cepacia strain R18149 and A. brasiliense genomes, and identified two homologous ORFs to the putative ILVD/EDD and DHDPS/NAL genes of B. cepacia strain R18194 (AraC and AraD gene in Fig. 3, respectively) . The nucleotide sequence was submitted to GenBank TM with accession number AB241136. DNA sequences of A. brasiliense show high similarity to those of B. cepacia R18149 (ϳ95% of identity). The putative AraC protein of A. brasiliense possessed the same N-terminal amino acid sequence as the homolog of B. cepacia strain R18194. Unexpectedly, no serine residue next to the initial methionine was found in the N-terminal amino acid sequence of the purified L-arabonate dehydratase, probably because of partial proteolysis during purification. The N-terminal amino acid sequence of the putative AraD protein of A. brasiliense was identical to that of the purified L-KDA dehydratase except that formylmethionine was removed. Furthermore, the theoretical M r value of AraC and AraD proteins is 62,251.53 Da and 33,755.18 Da, respectively, which agreed with that of the purified enzyme (62 kDa and 36 kDa, respectively). These results indicated that the AraC and AraD gene encoded L-arabonate dehydratase and L-KDA dehydratase, respectively.
Functional Expression of AraC and AraD Genes in E. coli-AraC and AraD proteins were overexpressed in E. coli cells by induction with isopropyl-␤-D-thiogalactopyranoside as a His 6tagged enzyme and purified homogeneously with a nickel-chelating affinity column (Fig. 2C) . The mobility of the recombinant enzyme in SDS-PAGE was slightly later than that of the native enzyme purified from A. brasiliense cells (lanes 1 and 2 in Fig. 2, D and E) , because of the additional 13 amino acid residues including His 6 -tag at the N-terminal, which was also confirmed by Western blot analysis with anti-His 6 -tag antibody (data not shown). The specific activity of purified recombinant AraC (9.4 unit/mg protein) was 4.5-fold higher than that of the native enzyme, probably because of partial inactivation by oxi-dization of the [4Fe-4S] 2ϩ cluster in the native enzyme during purification (see "Discussion"). The purified recombinant AraD protein showed similar specific activity to the native enzyme (33.3 unit/mg protein).
Identification of Reaction Product by AraC and AraD Proteins-HPLC analysis was performed to estimate the enzyme reaction product. Typical results are summarized in Fig. 4A . When L-arabonate was incubated with AraC protein, the enzyme reaction product, Compound I, appeared as a single peak with a retention time of 10.3 min. When AraC and AraD proteins were present, L-arabonate was converted to a single enzyme product, Compound II, with a slightly later retention time (10.4 min) than Compound I, suggesting that AraD protein converted Compound I to Compound II. It is noteworthy that the elution profile of Compound II was different from those of authentic glycolaldehyde and pyruvate, potential reaction products by L-KDA aldolase, considering that AraD protein was sequentially assigned as L-KDA aldolase rather than L-KDA dehydratase as described below. Finally, when L-arabonate was incubated with AraC, AraD and AraE (␣KGSA dehydrogenase) proteins in the presence of NAD ϩ , the enzyme product, Compound III, corresponded to authentic ␣-ketoglutarate. These results indicated that AraC and AraD proteins function as L-arabonate dehydratase and L-KDA dehydratase, respectively.
Amino Acid Sequence Analysis of L-Arabonate Dehydratase-As expected from the N-terminal amino acid sequence, L-arabonate dehydratase was a novel member of the ILVD/EDD protein family including the archetype dihydroxyacid dehydratase (ILVD, EC 4.2.1.9) and phosphogluconate dehydratase (EDD, EC 4.2.1.12) ( Fig. 5A) . Two consensus segments have been proposed as conserved motifs for this protein family, which were also conserved in L-arabonate dehydratase with a few modifications: Cys 124 -Asp-Lys-Thr-Thr-Pro-Ala-Leu-Leu-Met-Gly 134 and Ile 472 -Thr-Asp-Ala-Arg-Met-Ser-Gly-[-]-Thr 480 (underlined letters indicate the same amino acid residues as the proposed motifs and [-] is a sequential gap) (regions X and Z in Fig. 5A, respectively) . It is interesting that EDD catalyzes the equivalent step in the ED pathway as L-arabonate dehydratase: the dehydration of phosphogluconate into KDPG (Fig. 1B) . In the phylogenetic tree of the ILVD/EDD family, ILVD and EDD formed a single subclass, and L-arabonate dehydratase was closely related to archaeal and eukaryotic ILVDs (Fig. 5C) .
Substrate Specificity and Cofactor of L-Arabonate Dehydratase-Various hexonates/pentonates were tested as substrates for dehydratase in addition to L-arabonate (Fig. 5B ). Significant activity was observed with L-arabonate and D-xylonate, but very little activity was observed with D-galactonate, Darabonate, and D-gluconate. D-Xylonate, a C4 epimer of Larabonate, was a better substrate than D-galactonate with the same configuration as L-arabonate at C2, C3, and C4. These results indicated that the enzyme was significantly specific for L-arabonate and the L-arabonate-specific configuration at C2 and C3 was important for substrate specificity, probably reflecting the characterization of dehydration by the ␣,␤ elimination of water and ketonization of the intermediate enol. This is reported to be located between the function(s) of several ILVD/EDD proteins and metal ions, particularly, Mg 2ϩ . Similar behavior was found in L-arabonate dehydratase, and the optimal Mg 2ϩ concentration was about 1-10 mM (inset in Fig. 5B ).
Identification of Catalytic Amino Acid Residues of L-Arabonate
Dehydratase-It is known that enzymes in the ILVD/EDD protein family contain an [Fe-S] cluster in the active center (38 -41) . Purified L-arabonate dehydratase (the concentrated recombinant enzyme) was brown in color (Fig. 6B) , and the UV visible absorption spectrum consisted of a protein band centered at 280 nm with pronounced shoulders at ϳ330 and 400 nm arising from S3 Fe(III) charger transfer bands localized on the [Fe-S] cluster(s) (Fig. 6C ). On the other hand, the addition of sodium dithionite (Na 2 S 2 O 4 ) resulted in absorption bleaching, and absorbance changes were consistent with complete oneelectron reduction to the paramagnetic [4Fe-4S] ϩ redox state. The EPR spectrum observed for the reduced form of the enzyme revealed a complex line shape, consisting of at least four paramagnetic species, as illustrated in Fig. 6D . A broad signal at g ϭ 1.91 was assigned to S ϭ 1/2 resonance derived from [4Fe-4S] ϩ (38, 42) . In addition, the relatively sharp signal at g ϭ 2.06 was characteristic of the S ϭ 1/2 resonance of the [3Fe-4S] ϩ cluster (38) , which was expected to be formed by a reaction occurring between excess sodium dithionite and the [4Fe-4S] ϩ cluster. In fact, a set of weak EPR signals (g ϭ 10, 4.3) because of ferric high-spin species with rhombic geometry was also recognized. In the lower magnetic field, broad and weak EPR signals at g ϭ 4.6, 4.7, 3, and 2 overlapping with S ϭ 1/2 resonance are attributed to the g-anisotropy of S ϭ 3/2, S ϭ 3/2, and S ϭ 5/2 species of the cluster (38, 42) . Wholly, the EPR property of the reduced form is analogous to that reported for most ILVD/EDD proteins containing [4Fe-4S] ϩ cluster (cf. Fig. 4 in Ref. 38) but not that reported for ILVD of spinach (cf. Fig. 5 in Ref. 42) , in which a [2Fe-2S] cluster is contained. These results clearly suggested that the [4Fe-4S] 2ϩ cluster was found in L-arabonate dehydratase as well as most ILVD/EDD proteins. It has been assumed that three iron atoms in the cluster of ILVD/EDD proteins are coordinated with three (unidentified) cysteine residues from protein and the remainder is exposed to solvent (38, 39) (Fig. 6A) . The amino acid sequence of L-arabonate dehydratase contains nine cysteine residues, among which Cys 124 and Cys 197 are conserved completely in these ILVD/EDD proteins and an equivalent cysteine residue at the 56 position is found frequently in other ILVD/ EDD proteins, in particular eukaryotic and archaeal ILVDs (Fig.  5, A and C) . On the other hand, Cys 47 and Cys 441 might be specific for the L-arabonate dehydratase subclass in the ILVD/ EDD protein family. Therefore, we constructed five mutants with cysteine substituted for alanine, C47A, C56A, C124A, C197A, and C441A, as described in "Experimental procedures". They were overexpressed in E. coli cells as a His 6 -tagged enzyme, purified homogeneously with the same procedures as the WT enzyme ( Fig. 2D) and characterized (Fig. 6, B and C) . Under standard assay conditions, brown-colored C47A and C441A mutants were significantly active and UV-visible absorption spectra were similar to those of the WT. On the other hand, C124A and C197A mutants were non-colored inactive enzymes and the UV visible absorption spectra contained no characteristic element of [4Fe-4S] 2ϩ localized in the WT. The C56A mutant was also an inactive form, but partially shared similar behavior to the WT in color and UV-visible absorption spectra. These results strongly suggested that Cys 56 7A ). Phylogenetic analysis revealed that L-KDA dehydratase has a poor relationship to any subclasses of the other members (Fig. 7B ), probably causing unique enzyme catalysis, as described below. The DHDPS/NAL family includes two interesting enzymes, KDG aldolase and D-5-keto-4-deoxyglucarate dehydratase. The former enzyme is involved in the non-phosphorylative ED pathway and catalyzes an equivalent reaction to "L-KDA aldolase (EC 4.1.2.18)" in the second alternative pathway of L-arabinose metabolism but not "dehydratase" (Fig. 1B ) and the latter enzyme produces ␣KGSA but not pyruvate similar to L-KDA dehydratase (Figs. 1B and 7C) .
Identification of Catalytic Amino Acid Residue of L-KDA Dehydratase-Recently, a crystallographic study of KDG aldolase (19) revealed that the overall structural fold and fundamental catalytic mechanism(s) including Tyr 130 and Lys 156 are conserved, compared with those found in other DHDPS/NAL enzymes (44 -46) . On the other hand, Tyr 130 -Lys 156 corresponds to Gln 143 -Lys 171 in L-KDA dehydratase, indicating that this enzyme is the first example with no functional tyrosine residue in DHDPS/NAL family enzymes (asterisks in Fig. 7A) . To obtain insight into the catalytic mechanism of L-KDA dehydratase, Gln 143 was substituted with Asn, Glu, Ser, Thr, and Tyr by site-directed mutagenesis as described under "Experimental Procedures," to construct Q143N, Q143E, Q143S, Q143T, and Q143Y mutants, respectively. They were overexpressed in Bottom photographs indicate the purified recombinant enzyme (40 mg/ml) of wild-type and mutants. C, visible absorbance spectra of an isolated WT (oxidized form, black), C47A (red), C56A (light-green), C124A (violet), C197A (green), C441A (orange), and Na 2 S 2 O 4 -treated WT (reduced form, gray) enzymes. Enzyme sample (4 mg/ml) was in 50 mM HEPES, pH 7.2, containing 10 mM MgCl 2 and 50% (v/v) glycerol and reduced with a 10-fold excess of Na 2 S 2 O 4 . D, X-band EPR spectra of Na 2 S 2 O 4 -reduced L-arabonate dehydratase (40 mg/ml). E. coli cells as a His 6 -tagged enzyme and purified with the same procedures as the wild-type enzyme ( Fig. 2E) . No L-KDA dehydratase activity was found in any constructed mutants. Because Q143S, Q143T, and Q143Y mimicked S. solfataricus KDG aldolase by introducing a hydroxyl group, potential L-KDA aldolase activity was measured using lactic dehydrogenase as a coupling enzyme (8) but was not detected (data not shown). These results suggested that Gln 143 is essential for catalytic function in L-KDA dehydratase and that its putative role may be different from the tyrosine residue in DHDPS/NAL enzymes.
Identification of L-Arabinolactonase Gene-Isolation of the downstream region of the AraA gene by genomic PCR of A. brasiliense revealed that A. brasiliense possesses a complete equivalent L-arabinose operon to B. cepacia strain R18194 (Fig.  3) . The nucleotide sequence was submitted to GenBank TM with accession number AB241136. The AraX, AraY, and AraZ genes were homologous with bacterial putative ATP-binding cassette (ABC)-type sugar transporter components consisting of a periplasmic substrate-binding protein, an ATP-binding complex (ATPase), and a membrane-spanning protein (permease). A gluconolactonase (EC 3.1.1.17) from Zymomonas mobilis was the only characterized enzyme with similarity to the (putative) AraB protein (ϳ24% of identity) (48, 49) . This enzyme catalyzes the ring cleaving of D-glucono-␥-lactone to D-gluconate in the D-gluconate pathway, and this reaction is analogous to that of L-arabinolactonase (Fig. 1B) ; therefore, the AraB gene is thought to be a candidate for L-arabinolactonase.
AraB protein was expressed in E. coli as a His 6 -tagged enzyme and purified homogeneously by similar experimental procedures as for AraC and AraD proteins (lane 2 in Fig. 2C ). The known sugar lactonase assays with a lactone are not reliable and convenient, because lactone is hydrolyzed spontaneously to produce the corresponding sugar acid. We measured potential L-arabinolactonase activity in AraB protein by an alternative method, which consisted of a coupling reaction with NADP ϩdependent L-arabinose 1-dehydrogenase (28) and determined the reaction product by HPLC. This is summarized in Fig. 4B . The retention time of authentic L-arabino-␥-lactone was slightly earlier than that of L-arabinose (data not shown). When L-arabinose was incubated with L-arabinose 1-dehydrogenase in the presence of NADP ϩ , L-arabonate was only slightly present in the reaction mixture due to spontaneous lactone hydrolysis. On the other hand, when AraB protein co-existed in the same reaction mixture, substantial formation of L-arabonate was observed, indicating that AraB functions as L-arabinolactonase. Since L-arabinose 1-dehydrogenase also functions as D-galactose 1-dehydrogenase (EC 1.1.1.48 (120)) in vitro (28), D-galactose was added to the reaction mixture instead of Larabinose. AraB protein converted D-galactonolactone to Dgalactonate similarly to L-arabinolactone (data not shown).
DISCUSSION
A Novel Bacterial L-Arabinose Operon-In this and preceding (28) studies, we showed that A. brasiliense possesses a novel gene cluster containing L-arabinose 1-dehydrogenase (AraA), L-arabinolactonase (AraB), L-arabonate dehydratase (AraC), and L-KDA dehydratase (AraD) genes together with sugar transporter genes (AraX, Y and Z) (Fig. 3) . The "novel L-arabinose operon (AraCDAXYZB)" is different from the well-known bacterial L-arabinose operon as described in the "Introduction." A similar operon is also found in the genome of B. cepacia strain R18149. Furthermore, we previously revealed that the ␣KGSA dehydrogenase gene (AraE) is located on the genome of A. brasiliense (probably also B. cepacia strain R18149) separately from the gene cluster (29) . On the other hand, Burkholderia thailandensis, a near relative bacterium of B. cepacia strain R18149, possesses an additional aldehyde dehydrogenase-like gene in the equivalent gene cluster (Fig. 3) . The gene product is thought to be a candidate for AraE and this type of operon is named AraCEDAXYZB. Although each homolog to AraA-AraE genes is observed in many bacterial genomes, almost all form a partial and/or no gene cluster (data not shown), in particular several Burkholderia species despite their close relationships, as mentioned by Moore et al. (50) . This suggests that the L-arabinose operon diversified very quickly during bacterial evolution. Wide-range genome transportation is thought to occur at a very early evolutional stage in cases of A. brasiliense and B. cepacia strain R18149, considering the very high similarity between their nucleotide sequences (ϳ95% identity).
Evolutionary Insight into Several Sugar Metabolic Pathways-One of the most significant findings reported in this paper is the complete identification of five metabolic genes involved in the alternative L-arabinose pathway (the first pathway). We will discuss the evolutional relationships between the alternative Larabinose pathway and other sugar metabolic pathways including the ED, non-phosphorylative ED, D-gluconate, and DD pathways at the molecular level ( Fig. 1B) .
Conversion of L-Arabinose to L-Arabonate-In the non-phosphorylative ED pathway and most of the bacterial D-gluconate pathway, D-glucose is directly oxidized to D-gluconate by GDH: the GDH involved in the former pathway is an NAD(P) ϩdependent enzyme (EC 1.1.1.118 (119)) (51, 52) , while that in the latter pathway is a pyrroloquinoline-quinone (PQQ)-dependent enzyme (EC 1.1.5.2) (53) . In this regard, the conversion of L-arabinose is analogous to the ED pathway, the D-gluconate pathway with a few bacteria, and the DD pathway, in which a lactone is included as an intermediate. We previously showed that L-arabinose 1-dehydrogenase is similar to glucose-fructose oxidoreductase (GFOR; EC 1.1.99.28) and D-galactose 1-dehydrogenase involved in the two later pathways, respectively (28). Therefore, it seems reasonable that L-arabinolactonase is similar to bacterial gluconolactonase but not 6-phosphogluconolactonase (involved in the ED pathway). On the other hand, Z. mobilis is the only characterized bacteria with the D-gluconate pathway involving GFOR and gluconolactonase. Because D-galactonolactone is active for L-arabinolactonase, the D-galactonolactonase involved in the DD pathway may be homologous with these lactonases.
Although lactone studies have recently received much attention in diverse fields such as pathology, applied microbiology, and prebiotic biology, there are only two reports of lactonehydrolyzing enzymes at the molecular level: gluconolactonase of Z. mobilis and lactonohydrolase of a fungus, Fusarium oxysporum. Recently, Kobayashi et al. (54) proposed that these lactone-hydrolyzing enzymes form a unique superfamily consisting of C-O cleavage enzymes and P-O cleaving enzymes. Further biochemical research including crystallographic analysis would be a major advantage to identify the active sites and reaction mechanism.
Conversion of L-Arabonate to L-KDA-L-Arabonate dehydratase belongs to the ILVD/EDD family, which is different from the enolase superfamily including D-gluconate dehydratase and D-galactonate dehydratase (20, 55) . Because EDD, an equivalent enzyme involved in the ED pathway to L-arabonate dehydratase, is a member of this protein family, this phylogenetic relationship seems reasonable.
The metabolic promiscuity of sugar carbon sources is often found in microorganism. For example, S. sulfolobus metabolizes D-glucose and D-galactose through the non-phosphorylative ED pathway (18 -20) . Similarly, we previously doubted that the alternative L-arabinose pathway is involved in D-galactose metabolism as the DD pathway, because L-arabinose 1-dehydrogenase also functions as D-galactose 1-dehydrogenase in vitro (28) . In this study, we showed that D-galactonolactone is an additional active substrate for L-arabinolactonase, while L-arabonate dehydratase has no activity with D-galactonate ( Fig. 6A ). Thus, these enzymological data reveal that the physiological role of this pathway is limited in L-arabinose metabolism, confirming the previous genetic analysis; disruption of the AraA gene (equal inactivation of the whole L-arabinose operon) leads to L-arabinose-negative and D-galactose-positive phenotypes (28) .
It is interesting that ILVD of archaeal S. sulfolobus also displays high activity toward D-gluconate in addition to dihydroxyisovalerate, a natural substrate (56) . Thus, this Archaea possesses different enzymes with dehydration activity for D-gluconate, although it is unclear whether ILVD is involved in the non-phosphorylative ED pathway. As described below, a [4Fe-4S] 2ϩ cluster is contained in ILVD/EDD proteins but not in enolase superfamily proteins. There is a line of reasoning that the [Fe-S] cluster is an evolutionary relic left over the days when the levels of oxygen in the atmosphere were much lower than now (57, 58) . It follows from that line of reasoning that some biological functions originally performed by [Fe-S] clusters may have been abandoned during evolution and that some functions currently assumed by [Fe-S] clusters will eventually be replaced by more efficient metal-free systems. If we follow this hypothesis, the ancestor of D-gluconate dehydratase might be a [4Fe-4S] 2ϩ cluster-containing enzyme similar to EDD, ILVD and L-arabonate dehydratase.
Conversion of L-KDA into ␣KGSA-The metabolic fate of L-KDA to ␣-ketoglutarate via ␣KGSA is unique in the first alternative L-arabinose pathway, because 2-keto-3-deoxypentonate/hexonate is cleaved through an aldolase reaction to aldehyde and pyruvate in the all known other sugar metabolic pathways similar to the second alternative L-arabinose pathway (Fig. 1B) . L-KDA dehydratase is a unique member of the DHDPS/NAL family because the enzyme reaction consists of only dehydration without cleavage of the C™C or CϭC bond (Fig. 7C ). Because KDG aldolase in particular belongs to this protein family, the AraD gene would be assigned as L-KDA aldolase rather than L-KDA dehydratase without the enzymological data in this study. These insights suggest one evolutional hypothesis for the two alternative L-arabinose pathways, as described below. On the other hand, KDGP aldolase involved in the ED pathway belongs to the KDPG/KHG aldolase family (59) , which is not similar to the DHDPS/NAL family.
Overall, there is significant mosaicism between the alternative L-arabinose pathway and other sugar metabolic pathways, in contrast with no evolutional relationship between the ED pathway and non-phosphorylative ED pathway. According to the so-called "patchwork" evolution model, metabolism evolved by the recruitment of relatively inefficient enzymes of broad specificity that could react with a wide range of chemically related substrates (60 -62) . In this regard, "evolutionary relics" seem to remain in the alternative L-arabinose pathway.
Novel Coordination of [4Fe-4S] 2ϩ Cluster in L-Arabonate Dehydratase-In many [Fe-S] cluster-containing proteins, some cysteine residues essential for the cluster exist in the Cys-X 2 -Cys motif or its extended form, Cys-X 2 -Cys-X 2 -Cys (X represents any other amino acid) (39, 63) . The amino acid sequence of E. coli ILVD also contains such a motif (Cys 189 -Pro-Thr-Cys 192 -Gly-Ser-Cys 195 ), in which three cysteine residues are thought to be candidates for ligands to the [4Fe-4S] 2ϩ cluster (38) (Fig. 5, A and C) . On the other hand, L-arabinose dehydratase of A. brasiliense (this study) and EDDs of E. coli (39) and Z. mobilis (40) contain the [4Fe-4S] 2ϩ cluster but possess no such a motif in the equivalent region or the whole region. Therefore, among these three proteins at least, it is not helpful to use this motif(s) as a guide to estimate ligands to the [4Fe-4S] 2ϩ cluster. Alternatively, multiple amino acid sequence alignment indicates two strictly conserved cysteine residues in ILVD/EDD proteins, which structurally correspond to Cys 124 and Cys 197 in L-arabinose dehydratase. A consensus Cys-Asp-Lys-X 2 -Pro-[Gly/Ala]-X 3 -[Gly/Ala] segment including the former cysteine residue (underlined letter) is known to be a characteristic conserved motif in ILVD/EDD proteins. On the other hand, the latter cysteine residue is a structural equivalent to Cys 195 in E. coli ILVD as described above. C124A and C197A mutants share no behavior with [4Fe-4S] 2ϩ cluster-containing proteins in color and UV-visible absorption spectra (Fig. 6, B  and C) , indicating that inactivation is due to complete elimination of the [4Fe-4S] 2ϩ cluster. Therefore, it seems probable that the equivalent two cysteine residues in ILVD/EDD proteins are commonly involved in catalysis similar to L-arabinose dehydratase: these residues should be ligated directly to the [4Fe-4S] 2ϩ cluster. On the other hand, the C56A mutant is also inactive but shares partial behavior with [Fe-S] cluster-containing proteins, in contrast to C124A and C197A mutants (Fig. 6, B  and C) . There is a possibility that this mutant contains other classes of [Fe-S] cluster including [2Fe-2S], linear and cubic [3Fe-4S], derived from oxidization of the [4Fe-4S] 2ϩ cluster. It is noteworthy that ILVD/EDD proteins containing the [4Fe-4S] 2ϩ cluster do not necessarily possess the equivalent cysteine residue to Cys 56 in L-arabonate dehydratase (Fig. 5C ). Therefore, the identification of three cysteine ligands to the [4Fe-4S] 2ϩ cluster in L-arabonate dehydratase also reveals several possible modifications for coordination of the [Fe-S] cluster in ILVD/EDD proteins.
Catalytic Mechanism of L-KDA Dehydratase-Generally, DHDPS/NAL proteins possess a common (␤/␣) 8 barrel-fold and share a common reaction step in their reactions, namely the formation of a "Schiff-base" intermediate between a strictly conserved lysine residue and C 2 carbon of the common ␣-keto acid moiety of the substrate (19, 44 -46) . There are only enzymology reports of L-KDA dehydratase from Pseudomonas saccharophila (64, 65) , although the corresponding gene has not been identified. Treatment of the enzyme with sodium borohydride (NaBH 4 ) in the presence of L-KDA leads to irreversible inactivation of the enzyme and to covalent binding of one substrate per enzyme, concluding that the substrate and enzyme interact to form a Schiff base. In the sequence of L-KDA dehydratase from A. brasiliense, a lysine (Lys 171 ) aligns well with an active lysine residue among DHDPS/NAL proteins (Fig. 7A) , indicating a role in the formation of the Schiff-base intermediate.
In crystallographic study of the enzyme-substrate complex of several DHDPS/NAL proteins, the phenolic hydroxyl group of the tightly conserved tyrosine residue forms double-hydrogen bonds to carboxylate and hydroxyl groups at position 4 of the substrate, whose functional role in catalysis may be to mediate abstraction of the proton by the substrate carboxylate, leading to the release of an aldehyde product (19, 44 -46) . On the other hand, L-KDA dehydratase possesses no structural equivalent tyrosine residue, which is substituted to the glutamine residue at position 143 ( Fig. 7A) , assuming that the unique residue plays a role only to dehydrate but not cleave the C™C or CϭC bond of the substrate (Fig. 7C) and that introduction of a hydroxyl group changes the enzyme function toward L-KDA aldolase. Unexpectedly, not only Q143Y but also Q143S and Q143T mutants perform the activity of neither dehydratase nor aldolase for L-KDA. Furthermore, neutral substitution with asparagine residue, Q143N, leads to the same phenotype. Therefore, we conclude that Gln 143 is clearly involved in catalysis similar to the equivalent tyrosine residue in DHDPS/NAL proteins, although its exact functional role is unclear. There is a possibility that an additional substitution(s) except Q143Y is necessary to acquire L-KDA aldolase activity. For example, a highly conserved motif of Gly-(Ser/Thr)-(Thr/Gly)-Gly-Glu is commonly important for substrate binding in DHDPS/NAL protein and substantial modifications are found in L-KDA dehydratase (Ala 50 -Asn-Phe-Ser-Glu 54 ) (Fig. 7A) . To further evaluate the catalytic mechanism, we are in the process of analyzing L-KDA dehydratase crystallographically.
Here, we propose different evolutional hypotheses of two alternative pathways of L-arabinose metabolism. The first is that their metabolic evolution depended on a common ancestor with aldol reaction and dehydration activity for L-KDA, supporting that L-KDA dehydratase is assigned sequentially as L-KDA aldolase as described above. Furthermore, pyruvate prevents the inactivation of L-KDA dehydratase by NaBH 4 in the presence of a substrate similar to other DHDPS/NAL proteins, assuming that the enzyme possesses significant affinity with pyruvate (and glycolaldehyde?) (65) . An alternative hypothesis is that there is no evolutional relationship between L-KDA dehydratase and L-KDA aldolase. Dahms and Anderson (8, 66 -69) reported that, in pseudomonad MSU-1, D-fucose is enzymatically converted into pyruvate and lactaldehyde through the participation of dehydrogenase, lactonase, dehydratase and aldolase. Indeed, these enzymes seem to be also involved in the second alternative L-arabinose pathway in this bacteria: D-2-keto-3-deoxyfuconate aldolase is consistent with L-KDA aldolase, which is the only enzymological report of L-KDA aldolase (8, 69) . The enzyme clearly requires a divalent cation, including Mn 2ϩ , Co 2ϩ , and Mg 2ϩ , for activity, whose behavior is characteristic of KDPG/KHG aldolase family proteins rather than the DHDPS/NAL family including L-KDA dehydratase. Furthermore, as shown in Fig. 7, B and C, the DHDPS/NAL family includes D-5-keto-4-deoxyglucarate dehydratase, by which ␣KGSA is also produced from D-5-keto-4deoxyglucarate (47, 70) . Indeed, D-5-keto-4-deoxyglucarate is alternatively converted into pyruvate and tartronate semialdehyde by D-5-keto-4-deoxyglucarate aldolase, similar to L-KDA. Recently, crystallographic study revealed that this enzyme belongs to the KDPG/KHG aldolase family but not the DHDPS/ NAL family (43) . This seems to support the hypothesis that L-KDA dehydratase and L-KDA aldolase evolved independently from different ancestors. Identification of the native L-KDA aldolase gene and further site-directed mutagenesis of L-KDA dehydratase would help to further elucidate this evolutional insight.
CONCLUSION
Genetic and enzymatic analysis revealed several interesting insights into the alternative L-arabinose pathway as follows: Four metabolic genes except the ␣KGSA dehydrogenase gene form a single transcriptional unit on the A. brasiliense genome, which is different from the well-known bacterial L-arabinose operon.
Metabolic enzymes involved in the alternative L-arabinose pathway are related evolutionally to equivalent enzymes involved in the ED pathway, non-phosphorylative ED pathway, D-gluconate pathway and/or DD pathway, indicating that this pathway evolved step-by-step from several ancestral metabolic pathways.
L-Arabonate dehydratase is a novel member of the ILVD/ EDD family, which is characteristic of a [4Fe-4S] 2ϩ cluster in the active center. Site-directed mutagenesis first revealed that three cysteine residues are involved in catalysis as ligands to the cluster among the ILVD/EDD family. One interesting contradiction is that L-KDA dehydratase is rather assigned as an aldolcleavage enzyme for L-KDA in the DHDPS/NAL family. Site-directed mutagenesis revealed a unique amino acid residue involved in catalysis.
